To determine the predictors of post-operative renal function following adult cardiac surgery, and to assess the influence of this on late survival.
INTRODUCTION
The adverse influence of chronic kidney disease, as defined by an estimated glomerular filtration rate (eGFR) <60 ml min −1 m −2 , on outcomes following both coronary artery bypass grafting (CABG) and valve surgery is now established [1] [2] [3] [4] [5] [6] [7] . Patients with even mild impairment in renal function experience increased mortality and morbidity following cardiac surgery, including higher rates of post-operative bleeding, stroke, low cardiac output state requiring inotropic support and reduced late survival [3, 4, [8] [9] [10] . The influence of peri-operative changes in renal function on outcomes, including acute kidney injury (AKI) however, remains less clear despite several studies that have examined this relationship [11] [12] [13] . In most of these studies, the peak post-operative creatinine and its relative change from a pre-operative baseline have been used as a marker of kidney injury, and its effect on late survival assessed [8, 12, 14, 15] . The peak post-operative creatinine may not, however, reflect direct surgical injury. It is not necessarily temporally related to surgery, and may be secondary to an unrelated post-operative complication. For example, a patient having a stroke complicated by pneumonia and sepsis resulting in AKI will have a raised creatinine and adverse late prognosis, but this is not as a result of a surgery-associated kidney injury. In an attempt to address this problem, most studies have taken the nadir of renal function within 30 days from surgery, and a more recent study has limited the time period to within 7 days of surgery [11] . Serum creatinine is itself an insensitive marker of renal injury and a rise may not be apparent for at least 48 h following a renal insult. In order to better discriminate the role of surgery-dependent acute renal injury, we chose the postoperative day 4 eGFR as a timedependent covariate to analyse the effect of peri-operative changes in renal function on late survival. At this time point the acute changes in fluid status associated with surgery have normally resolved, haemodynamics stabilised and any renal insult will have had the opportunity to manifest itself as a rise in serum creatinine.
METHODS

Patients
Prospectively collected data were analysed on 8032 patients who underwent CABG, valve surgery or combined procedures from 1 January 1998 until 31 December 2008. Patients requiring preoperative renal replacement therapy (RRT) were excluded as were patients undergoing surgery requiring hypothermic circulatory arrest or intra-thoracic organ transplantation. Patients developing post-operative renal failure requiring RRT were also excluded due to the known adverse impact on late survival. Missing data were addressed with a multiple imputation method using SAS © . Late survival data were obtained from the Office of National Statistics via the Central Cardiac Audit Database (CCAD).
Cardiopulmonary bypass
All surgery was performed utilizing cardiopulmonary bypass. Systemic temperature varied between 28°C and normothermia depending upon the surgeon and the operation performed. Myocardial protection was through the use of antegrade warm or cold blood cardioplegia at surgical discretion.
Renal function
The eGFR was calculated by the Modification of Diet in Renal Disease (MDRD) formula [16, 17] accounting for ethnicity based upon the pre-operative, fourth post-operative day serum creatinine and peak serum creatinine within 30 days of surgery. We calculated the eGFR pre-operatively and on the fourth post-operative day, as by this stage we assumed that acute volume and haemodynamic changes associated with surgery would be resolved.
Statistical analysis
Descriptive data are expressed as mean and standard error of the mean (SEM). The level of significance (α) was set at 0.05 (two-sided). The analysis was conducted in two stages. First, we examined whether the day 4 eGFR was predictive of mortality in late follow-up. Secondly, we examined what pre-operative and operative factors were predictive of the day 4 eGFR.
Time-to-event analyses were conducted with Cox constant proportional hazards models with approximate grouped frailty in the statistical package R using a gamma distribution for the frailty term. EuroSCORE was log-transformed, as we have previously demonstrated that this achieved a substantial (nominally significant) improvement in model fit as judged by Aikaike's information criterion. The model included the log-transformed standard EuroSCORE and the surgeon as a random effect, as per our groups' previous work [18] . The initial model also included the primary surgical procedure performed and cardiopulmonary bypass time. In the first model, the pre-operative eGFR was added and in the second model the day 4 eGFR was added as a time-dependent covariate. Model fit was analysed by Aikaike's Information Criterion (AIC). In the second analysis, multivariate models were constructed to predict the day 4 eGFR, including the log-transformed EuroSCORE, type of procedure and cardiopulmonary bypass time.
RESULTS
A total of 5671 patients underwent CABG surgery, 1508 valve surgery and 853 combined CABG and valve surgery. Demographics of these populations are shown in Table 1 . Of these, 3507 (43.7%) had a pre-operative eGFR <60 ml min
representing stage III or more advanced CKD. The mean eGFR was 61.4 (SEM 0.17). All patients with a pre-operative eGFR <60 ml min −1 m −2 were found to have a lower eGFR on day 4 compared with the pre-operative value, compared with only 43% of patients with an eGFR ≥ ml min −1 m −2 . We first modelled late survival. As per our previous work, the log-transformed additive EuroSCORE was found to be the most predictive marker of late survival (HR 3.184, 95%CI 2.78-3.6, P = 000001) followed by the pre-operative eGFR (HR 0.49, 95% CI 0.44-0.56, P = 0.0001). The day 4 eGFR was also found to be an independent predictor of late survival (HR 0.43, 95% CI 0.39-0.45, P = 0.0001). When examining the effect of the addition of either the pre-op or the day 4 eGFR, while both improved the accuracy of the model, the day 4 eGFR was most predictive of late survival (P = 0.0001). Categorizing the change in creatinine from baseline to peak by a relative change of either 25 or 50% was identified with reduced late mortality by the log-rank test, but did not improve model fit as defined by the AIC.
We then modelled the day 4 eGFR. Again the log-transformed standard EuroSCORE was found to be strongly predictive of the day 4 eGFR (OR −0.07, 95%CI −0.08 to −0.06, P = 0.0001), as was the cardiopulmonary bypass time (OR −0.00025, 95%CI −0.00047 to −0.00004); however, the most significant predictor of the eGFR was the baseline eGFR (OR 0.87, 95%CI 0.85-0.89, P = 0.00001).
The final model examined the nadir of glomerular filtration within 30 days following surgery (Table 2 ). In this model, although the EuroSCORE (OR −0.03, 95%CI −0.09 to −0.01, P = 0.001) and the cardiopulmonary bypass time (OR −0.00019, 95%CI −0.00077 to −0.00002, P = 0.01) were identified as independent predictors, the pre-operative renal function was not.
DISCUSSION
This study confirms that both pre-operative and post-operative renal function as estimated by the MDRD equation are strong and independent predictors of reduced late survival in patients undergoing adult cardiac surgery. Pre-operative renal function is now accepted as being an independent risk for adverse outcomes following cardiac surgery [1] [2] [3] [4] [5] [6] [7] and is included in the STS risk stratification model. There is now a growing literature that confirms that patients with a reduced GFR have a higher risk of significant post-operative complications, including low cardiac output state, significant bleeding requiring re-exploration and in-hospital mortality [3] [4] [5] .
There is less data on the influence of post-operative GFR on late survival. Although there have been a number of studies examining the impact of renal dysfunction on survival following cardiac surgery, most of these studies have focused on the adverse in-hospital and late outcomes associated with acute renal failure (ARF) or the need for post-operative RRT [11] [12] [13] [14] . However, it has been recognized that there is a spectrum of renal injury that may also be associated with adverse late outcomes. The natural history of AKI was initially described by Sutton et al. [18] and then expanded by Okusa et al. [19] with a pre-renal, initiation, extension, maintenance, repair and progression phase with AKI leading to either (i) full recovery, (ii) incomplete recovery resulting in CKD, (iii) exacerbation of pre-existing CKD, or (iv) non-recovery of renal function leading to ESRD. This was then developed by the Acute Dialysis Quality Initiative Group with the RIFLE (Risk, Injury, Failure and Loss) classification system [20] which has been validated and widely implemented; however, this system has remained dependent upon changes in serum creatinine relative to baseline. Recent studies have reported that RIFLE defined that AKI occurs in 20-48% of patients [11] [12] [13] and is associated with worse in-hospital and late outcomes, although, again, most of these studies included patients who had developed ARF requiring RRT. In this study, all patients with a eGFR <60 ml min −1 m −2 were noted to have a further decline in renal function at day 4, fitting in with the concept that cardiac surgery may result in an exacerbation of CKD, resulting in further impairment in late survival. This would suggest that more patients are at risk of this type of renal injury than had previously been thought using arbitrary changes from baseline.
The impact of a specific change in renal function, e.g. a 25 or 50% from baseline and a definition of AKI which has been used by some groups, was explored, but this was not found to be more predictive of late adverse events than the absolute day 4 eGFR. On close inspection of the data, it may not be surprising that these arbitrary clinical definitions of changes in renal function were not found to predict late survival. If a relative change in renal function is therefore used to define kidney injury, then very different injuries are being compared. A patient with a decline in GFR from 45 to 34 ml min −1 m −2 may well manifest a more serious change in prognosis than someone who declined from 100 to 75 ml min −1 m −2 , even though both have a similar 25% reduction. In addition to this, we have previously demonstrated [21] that the relationship between mortality and eGFR is non-linear; instead, it describes a cubic spline, and therefore utilizing such a linear simplification may be less powerful. Although the nadir of renal function was found to be predictive of late outcome, it did not improve model fit compared with the day 4 eGFR and was not predicted by the pre-operative renal function. This supports our introductory hypothesis that such changes are not necessarily related to surgical insult or preoperative renal impairment, but may be secondary to late complications.
The strongest predictor of the day 4 post-operative renal function was pre-operative renal function, which was further influenced by the type of procedure and length of bypass, and the patients pre-operative risk profile assessed by the EuroSCORE. There is little data on the prediction of post-operative renal function per se, but there have been a number of studies examining predictors of renal failure. The Cleveland score [22] and the Toronto SRI score [23] have recently been developed in an attempt to predict the risk of AKI in adults undergoing cardiac surgery. The two scores that have been produced take into account a number of risk factors, including pre-operative renal impairment, defined as either serum creatinine >1.2 mg dl −1 or eGFR <60 ml min, and complexity of operation, including redosurgery, combined CABG and valve surgery and patients undergoing urgent surgery. The analysis we have performed suggested that the strongest prediction of post-operative renal function is pre-operative renal function. In this study, all patients with a eGFR <60 ml min −1 m −2 were noted to have a further decline in renal function at day 4 compared with only 43% of patients with a GFR ≥60 ml min −1 m −2 , and it was this post-operative GFR that was found to be more predictive of late adverse events. This is important as it suggests that a specific group of patients, perhaps those with eGFR <60 ml min −1 may benefit from trials of renal protection at the time of surgery. We have no late data on whether renal function returned to baseline in the later postoperative course or even improved, and therefore the impact of this later improvement has not been analysed. This has, however, been examined by another group in the context of AKI, defined as a ≥25% increase in serum creatinine [24] . In this study, survival for patients whose serum creatinine returned to normal prior to discharge was not found to demonstrate an improvement in late survival. Whether this is true for more subtle changes in renal function remains unknown; it is possible that once the haemodynamic benefits of either revascularization and/or valve surgery are realized, then it may be possible for renal function to improve.
Study limitations
We have no data to determine whether patients with reduced late survival have either gone on to develop CKD, or whether the renal function of those with pre-existing CKD has continued to decline. No causal data are presented on whether it is renal injury per se at the time of surgery that is resulting in reduced late survival, or whether this is simply a marker of more advanced cardiovascular disease. In this study, we have included over 8000 patients undergoing a variety of surgical procedures by a number of surgeons in a single unit. Analyses of this nature, by definition, are subject to significant background noise. We have attempted to limit the influence of these procedures on the outcomes presented in this analysis by including the surgeon as a random effect and the exact procedure as specific patientlevel co-variates, but we accept that this may lead to the introduction of bias. 25 
CONCLUSIONS
CKD is associated with a significant increase in cardiovascular adverse events. A significant number of patients with CKD undergo cardiac surgery during which mild injury may be associated with a worse late survival which may be due to an exacerbation of their CKD. Further work is needed to confirm this finding and to see if renal protection strategies or improved late follow-up could improve prognosis. This study again confirms the need to include renal function in any risk stratification model.
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